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Edited by Ulf-Ingo Flu¨ggeAbstract Isoﬂavans and pterocarpans are the major biosynthet-
ically connected phytoalexins in legumes. A search of the ex-
pressed sequence tag library of a model legume Lotus
japonicus, which produces an ()-isoﬂavan, for homologs of phe-
nylcoumaran benzylic ether reductase catalyzing the reductive
cleavage of dihydrofurans, yielded seven full-length cDNAs,
and the encoded proteins were analyzed in vitro. Four of them
cleaved the dihydrofuran of a pterocarpan medicarpin to yield
an isoﬂavan ()-vestitol and were designated pterocarpan reduc-
tase (PTR). Two PTRs displayed enantiospeciﬁcity to ()-med-
icarpin, representing genuine L. japonicus PTRs, while the other
two lacked enantiospeciﬁcity and were presumed to be evolution-
arily primitive types.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Natural isoﬂavonoids comprise a variety of skeletons within
the basic 3-phenylchroman structure [1]. They are mainly dis-
tributed to leguminous plants and play ecophysiological roles
as defensive materials against other organisms from animals
to microbes and also as symbiotic signals to rhizobial bacteria
to form nitrogen-ﬁxing root nodules [2,3]. Isoﬂavonoids show
estrogenic activity in animals because of their structural resem-
blance to partially aromatized steroids, and appropriate intake
of isoﬂavonoids in the diet is beneﬁcial to human health [2].
Isoﬂavonoids possessing pterocarpan and isoﬂavan skeletons
(see Fig. 1) are the most frequently found phytoalexins of legu-
minous plants, and they are involved in defense responses
against phytopathogenic microorganisms [2]. The biosyntheses
of these two classes of isoﬂavonoids are believed to be closely
related, because most, if not all, isoﬂavans bear a hydroxyl atAbbreviations: DMID, 7,2 0-dihydroxy-4 0-methoxyisoﬂavanol dehydra-
tase; EST, expressed sequence tag; GSH, reduced glutathione; IFR,
isoﬂavone reductase; NMR, nuclear magnetic resonance; PCBER,
phenylcoumaran benzylic ether reductase; PLR, pinoresinol–laricires-
inol reductase; PTR, pterocarpan reductase; Rt, retention time; SDR,
short-chain dehydrogenase/reductase; VR, vestitone reductase
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4 to produce the pterocarpan skeleton. In fact, interconversion
of the pterocarpan medicarpin and the isoﬂavan vestitol has
been demonstrated experimentally by feeding 14C-labeled pre-
cursors to CuCl2-treated alfalfa seedlings [4]. The biosynthetic
pathway leading to medicarpin from phenylpropanoid- and
acetate-derived CoAs has been established, and almost all
the cDNAs encoding enzymes in the pathway have been char-
acterized [2,5–7]. However, the mechanism of the formation of
isoﬂavans and the enzymes involved has not been clariﬁed un-
til now.
As the identiﬁcation of the genes of enzymes involved in
plant secondary metabolism has progressed, it has become
clearer that the enzymes are often encoded by multigene fam-
ilies that evolved by gene duplication and mutation [8,9]. A
typical case is represented by the members of the short-chain
dehydrogenase/reductase (SDR) family [10], which catalyze
multiple steps in the biosynthesis of ﬂavonoids (dihydroﬂavo-
nol 4-reductase, leucoanthocyanidin reductase, and anthocy-
anidin reductase) [11] and isoﬂavonoids [isoﬂavone reductase
(IFR) and vestitone reductase (VR)] [2]. The enzymes of this
family show further diverse functions in the biosynthesis of
lignans [phenylcoumaran benzylic ether reductase (PCBER)
and pinoresinol–lariciresinol reductase (PLR)] [12] and phenyl-
propenes (eugenol synthase and isoeugenol synthase) [13].
PCBER is ubiquitous in vascular plants and has been pro-
posed to be an ancestor of IFR and PLR [12,14].
We have so far identiﬁed cDNAs encoding enzymes of the
isoﬂavonoid pathway based on the known catalytic mecha-
nism of P450s [15] and also by assaying the activity in the frac-
tionated cDNA expression library [6,7]. In this study, we
hypothesized that the isoﬂavan skeleton is synthesized from
a pterocarpan by an analogous reaction to the cleavage of
the dihydrofuran ring of lignans catalyzed by PCBER
(Fig. 1). We here present the cloning of cDNAs encoding the
enzyme [pterocarpan reductase (PTR)] responsible for isoﬂa-
van production (Fig. 1A) through a new approach, i.e., mining
the expressed sequence tag (EST) database of a model legume,
Lotus japonicus, which produces vestitol, for homologs of the
enzymes that perform the same type of reaction as isoﬂavan
production in the SDR family.2. Materials and methods
2.1. Chemicals
(±)-Medicarpin, (±)-vestitol, and 2 0-hydroxyformononetin were ob-
tained from Plantech (Reading, UK). ()-Medicarpin and ()-vestitol
were isolated from Glycyrrhiza echinata cells [16] and L. japonicusblished by Elsevier B.V. All rights reserved.
Fig. 1. Biosynthesis of isoﬂavonoids (A) and the reaction catalyzed by
PCBER (B). In this study, cDNAs encoding PTR (box) were identiﬁed.
A total of seven enzymes (chalcone synthase, chalcone polyketide
reductase, chalcone isomerase, 2-hydroxyisoﬂavanone synthase, 2,7,40-
trihydroxyisoﬂavanone 4 0-O-methyltransferase, 2-hydroxyisoﬂava-
none dehydratase, and isoﬂavone 2 0-hydroxylase) participate in the
biosynthesis of 2 0-hydroxyformononetin from two CoA-type
precursors. Abbreviations used are: DMID, 7,2 0-dihydroxy-40-
methoxyisoﬂavanol dehydratase; IFR, isoﬂavone reductase; PCBER,
phenylcoumaran benzylic ether reductase; PTR, pterocarpan
reductase; VR, vestitone reductase.
T. Akashi et al. / FEBS Letters 580 (2006) 5666–5670 5667seedlings [17], respectively. (±)-Pinoresinol and (±)-dehydrodiconiferyl
alcohol were synthesized by phenol coupling with coniferyl alcohol
[12].
2.2. L. japonicus EST database search, cDNA sequencing, and
heterologous expression of proteins
A L. japonicus EST database (http://www.kazusa.or.jp/en/plant/lo-
tus/EST) was searched for cDNAs homologous to Populus trichocarpa
PCBER (AJ005803). EST clones obtained from the Kazusa DNA Re-
search Institute (Kisarazu, Japan) were sequenced. Clone IDs of the
Kazusa DNA Research Institute (given in parentheses) and accession
numbers of the complete cDNA sequences deposited in GenBank
databases are: AB265589 (MWM249g01) for PTR1, AB265590
(MWM058d07) for PTR2, AB265591 (SPDL089e08) for PTR3,
AB265592 (MPD075a04) for PTR4, AB265593 (MWM134b04) for
R5, AB265594 (MWM092h09) for R6 and AB265595 (MWM027h09)
for R7.
The coding regions of PTRs were ampliﬁed by PCR with KOD poly-
merase (Toyobo, Tokyo, Japan) and cDNA clones as the templates,
using speciﬁc primers (Supplementary methods and data). The NdeI–
XhoI fragments of the PCR products from PTR1 and PTR2were
subcloned into corresponding sites of pET28a (Novagen). The Bam-
HI–SalI fragment obtained from R7 was subcloned into the corre-
sponding sites of pCDFDuet-1 (Novagen). The PCR products from
PTR3, PTR4, R5, and R6 were cloned into pET46 Ek/LIC (Novagen)
according to the manufacturer’s instructions. Recombinant PTR pro-
teins expressed in Escherichia coli Rosetta2(DE3) (Novagen) were
puriﬁed as described [6].2.3. Preparation of cell-free extracts of L. japonicus
Seedlings of L. japonicus Gifu B-129 were grown from the seeds that
are available from the National BioResource Project Oﬃce (http://
www.shigen.nig.ac.jp/legume/legumebase/index.jsp) and elicited by
10 mM reduced glutathione (GSH) for 10 h as described [17]. Filtered
homogenates of the seedlings (1 g fresh weight) in 2 ml of 100 mM
potassium phosphate buﬀer (pH 7.5) supplemented with 10% sucrose
were centrifuged (10000 · g, 10 min) and then treated with Dowex 1-
X2 (1 g) for 20 min. The solution obtained by ﬁltration was used as
the crude enzyme (300 lg protein/ml).2.4. Assays
The buﬀer used was 100 mM potassium phosphate buﬀer (pH 7.5)
supplemented with 10% sucrose. ()-Medicarpin (20 nmol) was incu-
bated with the enzyme preparations in the presence of 1 mM NADPH
in the total volume of 100 ll at 30 C for 10 min. To determine the spe-
ciﬁc activity, the puriﬁed recombinant PTR proteins (PTR1, 100 ng;
PTR2, 50 ng; PTR3, 12.3 lg; PTR4, 13.4 lg) and the crude extracts
of L. japonicus (100 lg protein) were used. To analyze the stereospec-
iﬁcity of the PTR reaction, (±)-medicarpin (10 nmol) and puriﬁed re-
combinant PTR proteins (PTR1, 100 ng; PTR2, 50 ng; PTR3, 30 lg;
PTR4, 30 lg) or the crude extracts of L. japonicus (100 lg protein)
were incubated with NADPH for 2 h. The ethyl acetate extracts of
the reaction mixtures were analyzed by HPLC on a TSK-Gel ODS-
80TM column (4.6 · 150 mm; Tosoh, Tokyo, Japan) with 55% metha-
nol in water at a ﬂow rate of 0.8 ml/min at 40 C or a Chiral RU-2 col-
umn (4.6 · 150 mm; Shiseido Fine Chemicals, Tokyo, Japan) with 50%
acetonitrile in water at a ﬂow rate of 0.25 ml/min at 40 C. The puriﬁed
recombinant PTR proteins (PTR1, 1 lg; PTR2, 1 lg; PTR3, 100 lg;
PTR4, 100 lg) or the crude extracts of L. japonicus (300 lg protein)
were also incubated with 20 nmol of (±)-pinoresinol or (±)-dehydrodi-
coniferyl alcohol and 1 mM NADPH (for substrate speciﬁcity), or
10 nmol (±)-vestitol and 1 mM NADP+ (for reverse reaction of
PTR), at 30 C for 90 min. The ethyl acetate extracts of the reaction
mixtures were analyzed by HPLC on a TSK-Gel ODS-80TM column
as described above.2.5. Phylogenetic analysis
The amino acid sequences were analyzed using the ClustalW pro-
gram [18] of the DNA Data Bank of Japan (Shizuoka, Japan), and a
neighbor-joining tree was produced from the results of 1000 bootstrap
replicates. The tree was displayed by NJPlot software [19].3. Results and discussion
3.1. EST database search and cloning of L. japonicus PTR
cDNAs
PCBER catalyzes the cleavage of the ether linkage of the
dihydrofuran ring of (±)-dehydrodiconiferyl alcohol (Fig. 1B).
The isoﬂavan skeleton can be produced from a pterocarpan
by the same reaction mechanism (Fig. 1A). Seven cDNA se-
quences with >40% identity at the amino acid level with P.
trichocarpa PCBER were then selected from the L. japonicus
EST library [20]. All these clones were presumed to contain full
open reading frames because they exhibited the predicted initi-
ation codons. Therefore, they were completely sequenced, and
the activities were tested in the recombinant E. coli systems as
described below to identify four PTRs, PTR1 to PTR4. The
other three, R5 to R7, did not show PTR activity, but the amino
acid sequences of R5 and R6 were about 70% identical to Linum
usitatissimum PLR [21] and the amino acid sequence of R7 was
99% identical to the previously reported LjIFR [17] (Supple-
mentary Table 1). The identities of the amino acid sequences
among PTR1–PTR4 are 60–67%. PTR3 (65%) and PTR4
(72%) had slightly higher identity to Populus trichocarpa
PCBER than PTR1 and PTR2 (about 60%). PTR1 and PTR2
sequences were found in the two-week-old whole plant and
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the pod EST libraries (Supplementary Table 1).
3.2. Biochemical characterization of PTR
Recombinant PCBER-like proteins with six His residues at
the N-terminal were expressed in E. coli, and PTR activity
was assayed using ()-medicarpin and NADPH. A peak of
vestitol [retention time (Rt), 12.5 min] appeared on the HPLC
of extracts from assays with the 10000 · g supernatant of
E. coli expressing PTR1–PTR4 (Supplementary Fig. 1). The
chemical structure of the reaction product was unambiguously
identiﬁed as ()-vestitol by electron ionization mass spectrom-
etry and 1H-nuclear magnetic resonance (NMR) spectra (Sup-
plementary methods and data) and HPLC on a chiral
separation column. (±)-Dehydrodiconiferyl alcohol (PCBER
substrate), (±)-pinoresinol (PLR substrate), and 2 0-hydroxy-
formononetin (IFR substrate) were not accepted as substrates
for PTR1–PTR4. The conversion of vestitol to medicarpin in
the presence of NADP+, the reverse reaction of PTR, was
not detected either under the assay condition described in Sec-
tion 2.
The speciﬁc activity of each PTR isoform toward ()-medi-
carpin was compared using the puriﬁed recombinant proteins.
PTR2 showed the highest speciﬁc activity (67 nkatal/mg pro-
tein; relative activity, 100%), and the activity of PTR1 was
34% of that of PTR2. PTR3 and PTR4 showed 0.1% and
0.2% of the activity of PTR2, respectively. The stereospeciﬁcity
of the PTR reactions was further explored by HPLC on a chi-
ral separation column that clearly distinguishes (+)- and ()-
medicarpin (Rts, 18.5 and 23.5 min, respectively) and
(+)- and ()-vestitol (Rts, 17.0 and 25.5 min, respectively)
(Fig. 2). When racemic medicarpin was reacted with the puri-
ﬁed recombinant PTR1 and PTR2 proteins, ()-medicarpinFig. 2. Chiral separation of enantiomers of medicarpin and vestitol for a
isozymes (A) and with the cell-free extracts of L. japonicus seedlings (B), and
the far left in (A) shows the substrate before the reaction. Vestitol was recover
silica-gel TLC and analyzed (C). ()-M, ()-medicarpin; (+)-M, (+)-medicawas consumed to produce ()-vestitol, while (+)-medicarpin
remained unconsumed (Fig. 2A). In contrast, both ()- and
(+)-vestitol were produced from ()- and (+)-medicarpin in
reactions with PTR3 and PTR4. It is thus concluded that
PTR1 and PTR2 possess high speciﬁc activity with enantio-
speciﬁcity toward the ()-isomer, in contrast to PTR3 and
PTR4, which have low activity without enantiospeciﬁcity.
3.3. PTR activity in GSH-treated L. japonicus seedlings
The reactivity of plant tissues with the pterocarpan substrate
was examined. Cell-free extracts of GSH-treated L. japonicus
seedlings exhibited PTR activity (65.5 pkatal/mg protein) and
used only ()-medicarpin as the substrate (Fig. 2B). This ste-
reospeciﬁcity of the reaction is consistent with the accumula-
tion of ()-vestitol in GSH-treated L. japonicus seedlings
(Fig. 2C). PTR1 and PTR2, both of which have the same enan-
tiospeciﬁcity as the cell-free extracts, are therefore considered
to be responsible for the production of ()-vestitol in L. japo-
nicus. Higher transcript levels of PTR1 and PTR2 than PTR3
and PTR4 in ()-vestitol-producing L. japonicus seedlings
(Shimada N. et al. unpublished) also support the major roles
of PTR1 and PTR2 in the vestitol production in L. japonicus.
3.4. Molecular evolution and reaction mechanism of PTR
The phylogenetic tree composed of PTR, PCBER, and two
other SDR family enzymes, IFR and PLR, in dicotyledonous
plants shows that PTR and PCBER belong to the same branch,
which is diﬀerent from that of IFR and PLR, suggesting a close
evolutionary relationship between PTR and PCBER (Fig. 3). It
is likely that duplication of an ancestral PCBER gene has pro-
duced redundant genes, from which new genes encoding
enzymes with the function of reducing the pterocarpan skeleton
to yield isoﬂavans emerged in leguminous plants. A majority ofnalysis of stereoselectivity of the reactions by the recombinant PTR
of chirality of the vestitol contained in the seedlings (C). The chart on
ed from the methanol extract of seedlings treated with GSH for 20 h by
rpin; ()-V, ()-vestitol; (+)-V, (+)-vestitol.
Fig. 3. The phylogenetic relationship of L. japonicus PTRs and related proteins of dicotyledonous plants. The parentheses indicate the plant species
and GenBank accession number. Leucoanthocyanidin reductase (LAR) served as an outgroup. (+)-PLR and ()-PLR are pinoresinol–lariciresinol
reductase proteins that have enantiospeciﬁcity toward (+)- and ()-pinoresinol, respectively.
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enantiomers of ptrocarpan and isoﬂavan phyoalexins like ()-
vestitol and ()-medicarpin. It is tempting to assume that the
more primitive type of PTRs are PTR3 and PTR4 both lacking
enantiospeciﬁcity and having a little higher identity than PTR1
and PTR2 to PCBER that also lacks enantiospeciﬁcity to
dehydrodiconiferyl alcohol substrate [12]. PTRs that perform
stereoselective reaction like PTR1 and PTR2 may have subse-
quently emerged in plants that only produce ()-pterocarpans
and become more specialized for the synthesis of the phyto-
alexin with ()-chirality. The mechanism for the acquisition
of enantiospeciﬁcity awaits more detailed comparative studies
on the kinetics of the reactions combined with the active site
structures of enzyme proteins. In this respect, it may be note-
worthy that the three-dimensional active site structures of
PCBER and PLR [14] have partially explained the lack or pres-
ence of enantiospeciﬁcity toward the respective substrates.
Now that the amino acid sequences of both enantiospeciﬁc
and non-speciﬁc PTRs are available, clearer aspects about the
factors governing the stereochemical course of the reaction is
expected in the near future.Fig. 4. Putative reactionThe strategy taken in this study, i.e., mining the EST library
for homologs of known enzymes within the SDR family, re-
sulted in the cloning of cDNAs encoding a new IFR (R7)
and PLR-like proteins (R5 and R6), in addition to PTRs.
The catalytic functions of R5 and R6 are now being examined,
and future studies on lignan components and their biosynthetic
controls in L. japonicus will be interesting. Also, it is surprising
that no PCBER activity was displayed by PTR1–PTR4 and
that no other PCBERs exist in the L. japonicus EST databases.
Now, the biosynthetic course of isoﬂavan skeleton and the
enzymes involved are clariﬁed at molecular levels. Undetectable
levels of reverse reaction by recombinant PTRs in vitro appar-
ently contrast to the reported interconversion of radiolabeled
medicarpin and vestitol in alfalfa [4]. In fact, our preliminary
experiments showed a weak activity of the conversion of vesti-
tol to medicarpin in cell-free extracts of GSH-treated L. japoni-
cus seedlings (0.5 pkatal/mg protein, 0.8% of PTR activity) as
well as in 5-day-old alfalfa seedlings and elicited G. echinata
cells (data not shown). However, medicarpin production from
vestitol in these extracts was always accompanied by the forma-
tion of a large quantity of unknown compound, implicatingscheme of PTR.
5670 T. Akashi et al. / FEBS Letters 580 (2006) 5666–5670that this is not a simple PTR reverse reaction but the reaction is
mediated by another enzyme than PTR.
The identiﬁcation of all cDNAs/genes encoding enzymes in-
volved in the isoﬂavan pathway from two CoA-type precursors
is now complete (see Fig. 1A), except for 7,2 0-dihydroxy-4 0-
methoxyisoﬂavanol dehydratase (DMID) which is only
biochemically characterized [22]. Regarding the reaction mech-
anism for PTR, a quinone methide intermediate is postulated
for the PCBER reaction [12], and a similar quinoid intermedi-
ate is feasible for PTR (Fig. 4). The intermediate is also a pos-
sible intermediate of the DMID reaction, which produces the
pterocarpan skeleton [23]. It is intriguing that DMID interacts
physically with VR, which catalyzes the preceding reaction
[23]. Interaction of enzyme proteins including PTR could be
an important factor controlling the product distribution in
the later steps of isoﬂavonoid biosynthesis.
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